The prevalence of congenital hearing impairment (HI) is highest in Africa. Estimates evaluated genetic causes to account for 31% of HI cases in Africa, but the identification of associated causative genes mutations have been challenging. In this study, we reviewed the potential roles, in humans, of 38 novel genes identified in a murine study. We gathered information from various genomic annotation databases and performed functional enrichment analysis using online resources i.e. genemania and g.proflier. Results revealed that 27/38 genes are express mostly in the brain, suggesting additional cognitive roles. Indeed, HERC1-R3250X had been associated with intellectual disability in a Moroccan family. A homozygous 216-bp deletion in KLC2 was found in two siblings of Egyptian descent with spastic paraplegia. Up to 27/38 murine genes have link to at least a disease, and the commonest mode of inheritance is autosomal recessive (n=8). Network analysis indicates that 20 other genes have intermediate and biological links to the novel genes, suggesting their possible roles in HI. This study will contribute to advance our knowledge in unravelling the biological roles of novel murine HI genes in humans and could enhance the understanding the genetic causes of HI in Africans.
Introduction
Hearing impairment (HI) remains the most disabling congenital diseases, with the highest rate for age-standardized disability life years which is ~1.5-2x that of e.g. congenital heart disease [1, 2] . Moreover, up to 90% of deaf children are born to hearing parents, which add additional emotional and parenting burden on parents of children affected by HI [3] . It has been estimated that by the year 2050 over 900 million people will have disabling hearing loss [4] . Non-preventable cases of HI are increasing drastically, particularly among the new-borns and older adults, whilst genetic causes account for 31% of HI (Figure 1) . Genetic screening for pathogenic mutations in HI could enhance the knowledge of HI and shed more light on the complexity of this disorder. More than one hundred genes have been associated with HI pathology, though mutations in two genes, GJB2 and GJB6, account for 50% of patients with autosomal recessive HI in most populations of European and Asian ancestry [5] . Deletions that caused frameshifts and missense mutations in these genes, that severely disrupt the protein structures were commonly associated with hereditary HI [6, 7] .
In Africa, the highest numbers of children with HI reside in Nigeria, Ghana, Cameroon, Sudan, Kenya, Tanzanian, Zimbabwe, Uganda and South Africa [8] . Of these cases syndromic and non-syndromic HI are common. In non-syndromic cases, autosomal recessive is the most common inheritance pattern [9] . Despite many identified genes, only GJB2 and GJB6 have been systematically studied in sub-Saharan Africans, for which prevalence of NSHI-causal variants is close to zero [10] . Therefore, little is known about the underlying role of causative genes in HI. Susceptible variants identified so far [11, 12] , only explained a small proportion of individual variation at risk of HI. Extreme genetic variability in African populations provides unique opportunities to discover new genes variants. In this study, we reviewed the 38 newly identified murine HI genes [13] and explored the interest in investigations these genes in HI genetics in Africa. 
Methods
A recent study by Ingham et al used a genetic approach to identify new molecules involved in HI by screening a large cohort of newly generated mouse mutants using a sensitive electrophysiological test and the auditory brainstem response [13] . From the unbiased sample of 1,211 genes tested, they found 38 genes to be involved in HI.
In this study we gathered information from the various genomic annotation databases, such as the Online Mendelian Inheritance in Man (OMIM), HUGO Gene Nomenclature Committee (HGNC), Clinical significance for the variant (ClinVar), Exome Aggregation Consortium (ExAC), GeneCards, g.profilier, Genemania, Genome-wide association study (GWAS) catalog, Genotype-Tissue Expression (GTEx) and SAGE (Serial Analysis of Gene Expression) and Gene Ontology (GO); We estimated numbers of synonymous, missense, loss of function, and copy number variants reported on each genes in the ExAC database. Furthermore, we used OMIM, GO and GeneCards to elucidate candidate genes previously associated with this disorder. We used g-profilier to determine the biological significance, while we used genemania for the gene enrichment and protein-protein interaction (PPI) network analyses. GeneCards, GTEx and SAGE were used for determining the expression of each gene in an organ. From the panoramas of events, we achieved a concordance used for the inference.
Results
We identified 38 genes that showed biological significance (Figure 2 ). Four genes (d6wsu163e, zfp719, grp152 and minar2) are Mus musculus genes. The information obtained from g.profilier suggested that the novel genes are constituted mostly in the extracellular, plasma membrane, and the nucleus (Figure 2) . Similarly, the genes have nucleic acid binding activities as well as signal transduction activity, likewise, by far these genes are involved in developmental processes, transcription factors and cell biogenesis (Figure 2) . The g.profilier maps genes to known functional information sources and detects statistically enriched GO annotations. Table 1 shows that 27 genes are expressed mostly in the brain. However, further work will be required to investigate the roles of these genes in the auditory pathways and neuronal functions variants identified in these 27 genes have been previously associated with certain diseases, of which, the most common mode of inheritance is autosomal recessive (n=8). Studies that used GWAS method significantly associated some variants in 17 genes with certain diseases ( Table 1) .
The network analysis also shows that 77.5% of genes are co-expressed, 2.0% shares a protein domain, 7.0% shares a miRNA target and 5.2% shares a transcription factor target. Interestingly, another 20 human genes (BA1AP2, ARHGAP1, PEX16, BHLHE41, PEX26, KIF5B, ACSL3, NTSR2, OSBPL3, ACSL5, KLC4, MAKK2, KIF1B, ZFP36L2, FAM53C, KLC3, PAK4, SLC11A2, DDX46, FGGY), were directly connected with the novel HI genes (Figure 3) , through the intermediate nodes, suggesting that these 20 genes also are potential genes of interest in HI genetics. 
Discussion
Different techniques and approaches can be used to identify pathogenic mutations or discover novel genes, Ingham et al screened a large cohort of newly generated mouse mutants using a sensitive electrophysiological test and the auditory brainstem response and identified 38 novel genes associated with HI [13] . It is noteworthy that limited information exists on these genes, therefore, necessitating further studies to establish their roles in HI in humans. Indeed, about two-thirds of ∼340 mouse genes known to cause inner ear dysfunction, have not yet been linked to deafness in humans [14] . Moreover, Mendelian genetic hearing loss often reflects the loss of function of highly conserved Bottleneck genes, such as those that encode hair cell-specific structures like stereocilia. These 38 novel murine genes are highly conserved in mammals. Notably, Ingham et al however identified novel compound heterozygous mutations (Pro356CysfsTer35 and S319del) in a 2-year-old girl with severe sensorineural HI in one of the novel genes (SPNS2), confirming the role of one of the novel murine genes in childhood deafness [13] .
While these novel murine genes have not been investigated systematically in the African populations, HERC1 gene has been screened for pathogenic mutation in a Moroccan family with intellectual disability, associated with an arg3250-to-ter (R3250X) substitution [15] . The mutation, which was found by whole-exome sequencing and confirmed by Sanger sequencing, segregated with the disorder in the family [15] . Two siblings of Egyptian descent with spastic paraplegia, optic atrophy, and neuropathy were identified with a homozygous 216-bp deletion in the noncoding upstream promoter region of the KLC2 gene [16] . It is necessary to study further the roles of these two genes in other African populations. Likewise, it is crucial to investigate further, the eight autosomal recessive genes in future studies, among humans and specifically the understudied African populations.
Of note, 27 genes show high expression in the brain. Brain coordinate the hearing system, with nerve impulses transmitted by the afferent auditory pathway supporting the neuronal electrical signals and synaptic transmission in the brain resulting in hearing [17] [18] [19] [20] [21] . But is possible these genes could be also associated to other neurodevelopmental conditions, this remains to be investigated.
Besides, some of these novels murine HI genes have shorter introns, which we identified on the Ensembl genome browser. It has been demonstrated that highly expressed genes tend to have shorter introns [22] . Indeed, the known causative HI genes (GJB2 and GJB6) have shorter intronic sequences. However, none of the 38 novel murine genes can be associated with GJB2 and GJB6, based on chromosomal mapping method for associated genes on a locus, because none of these novel genes is located on chromosome 13.
Numerous variants were found in the equivalent of these novel murine genes in Humans and documented in ExAC database. But their significance in human pathologies remains to be investigated particularly in understudied African populations, with highest diversity. Particularly with the use of Next-generation sequencing (NGS) has been so effective and becoming relatively affordable for genetic screening because it is driving progress in genomics [23, 24] .
To further understand the underlying mechanisms of these novel murine HI genes, the network interactions suggest complex interactions with other genes (Figure 3 .) that could be relevant in HI. For example, Cadherin-related 23 (CDH23) is an adhesive protein important for hearing and vision [25] . Mutation of CDH23 is known to cause various degrees of HI including Usher Syndrome [26] . A study has shown that CAMSAP3 gene, one of the 38 novel HI genes, directly form binding with the CDH23 gene, a known causative HI gene, thereafter forming a microtubule network that modifies its function [25] . Therefore, the other 20 genes identified in networking with the 38 novel murine genes in our study should be investigated further when studying the genetics of HI pathology.
Conclusion
The results of the conducted analyses suggest that the novel murine genes are candidates' genes to be included in the list of genes to explore for HI pathology in Africa. Based on these observations we hypothesize that missense, loss-of-function, stop-gain, stop loss or copy number variation found in the novel genes, should be investigated further to establish their role in HI in humans. This study could contribute to enhance the understanding of the genetic causes of HI in Africans.
